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ABSTRACT
Models of pair-instability supernovae (PISNe) predict a gap in black hole (BH) masses between ∼ 45M − 120M, which is referred
to as the upper BH mass-gap. With the advent of gravitational-wave astrophysics it has become possible to test this prediction,
and there is an important associated effort to understand what theoretical uncertainties modify the boundaries of this gap. In this
work we study the impact of rotation on the hydrodynamics of PISNe, which leave no compact remnant, as well as the evolution
of pulsational-PISNe (PPISNe), which undergo thermonuclear eruptions before forming a compact object. We perform simulations
of non-rotating and rapidly-rotating stripped helium stars in a metal poor environment (Z/50) in order to resolve the lower edge
of the upper mass-gap. We find that the outcome of our simulations is dependent on the efficiency of angular momentum transport,
with models that include efficient coupling through the Spruit-Tayler dynamo shifting the lower edge of the mass-gap upwards by
∼ 4%, while simulations that do not include this effect shift it upwards by ∼ 15%. From this, we expect the lower edge of the upper
mass-gap to be dependent on BH spin, which can be tested as the number of observed BH mergers increases. Moreover, we show that
stars undergoing PPISNe have extended envelopes (R ∼ 10 − 1000 R) at iron-core collapse, making them promising progenitors for
ultra-long gamma-ray bursts.
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1. Introduction
Very massive stars have long been predicted to undergo pair-
instability supernovae (PISNe, Fowler & Hoyle 1964; Rakavy
& Shaviv 1967) and pulsational-PISNe (PPISNe, Fraley 1968;
Woosley 2017) due to pair-creation in their cores softening the
equation of state and inducing instability. Collapse in these con-
ditions leads to runaway oxygen burning and energetic mass
ejections. Although there are various candidate electromagnetic
transients that could have been powered by this mechanism (cf.
Gal-Yam et al. 2009; Terreran et al. 2017; Arcavi et al. 2017;
Lunnan et al. 2018) there is no unambiguous event that indicates
these transients do occurr in nature.
Indirect evidence for PPISNe/PISNe is provided by gravita-
tional wave observations. PISNe (which leave no remnant) and
PPISNe (which result in mass loss before iron-core collapse)
have been predicted to result in a gap in black hole (BH) masses
between ∼ 45M − 120M (Heger & Woosley 2002; Yoshida
et al. 2016; Woosley 2017; Marchant et al. 2019), which is ex-
pected to be an observable feature in the population of binary BH
mergers observed by ground base detectors (Belczynski et al.
2014; Marchant et al. 2016; Belczynski et al. 2016; Spera &
Mapelli 2017). Results from the first two observing runs of the
LIGO and Virgo detectors indicate that there is a dearth of BHs
with masses & 45M, consistent with the lower edge of the pre-
dicted PISNe gap (Fishbach & Holz 2017; Abbott et al. 2018a).
In the following years additional measurements will further con-
strain this upper mass gap from PISNe, allowing its use as a
standard candle for cosmology (Farr et al. 2019) and as a tool to
constrain uncertain nuclear reaction rates (Farmer et al. 2020).
There is at the moment significant work studying what can
impact the predicted location of this mass gap, including uncer-
tainties in nuclear reaction rates (Takahashi 2018; Farmer et al.
2019), convection (Renzo et al. 2020), the presence of a massive
hydrogen envelope (Di Carlo et al. 2019), and accretion after BH
formation (van Son et al. 2020). Regarding rotation, work has
been done to study how it affects the evolution of a star prior to a
PPISN/PISN (Chatzopoulos et al. 2013; Mapelli et al. 2020), but
there is still a large uncertainty on how rotation affects the actual
hydrodynamics of these events. Early work performed by Glatzel
et al. (1985) shows that rapid rotation can shift the boundaries of
instability upwards in mass, but provided no predictions on the
resulting properties of BHs formed through this process.
The objective of this letter is to provide a first estimate on
how the hydrodynamics of PPISNe/PISNe are affected by rota-
tion, and how this impacts the upper mass gap. In Section 2 we
describe how rotation modifies the criterion for instability. We
describe the setup of our numerical simulations of PPISNe and
PISNe in Section 3, and present our results in Section 4. We con-
clude by discussing the implications of our results in Section 5.
2. Rotation and pair instability
We model rotation following the shellular approximation, in
which all thermodynamical properties of the star are assumed to
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be constant through rigidly rotating Roche equipotentials. Under
this assumption the equations of stellar structure and evolution
retain their one dimensional form with rotation being encoded
in two coefficients, fP and fT , that are computed from integrals
over the Roche potential (Endal & Sofia 1976; Heger & Langer
2000). The momentum equation in this approximation is given
by(
∂P
∂mΦ
)
t
= −GmΦ
4pir4
Φ
fP − 1
4pir2
Φ
(
∂rΦ
∂t
)
mΦ
, (1)
where rΦ and mΦ represent respectively the volume equivalent
radius and the mass associated to each equipotential surface. In
the shellular approximation the standard radiative temperature
gradient ∇r is also scaled by a factor fT / fP.
The impact of rotation on the hydrodynamics of PPISNe and
PISNe can be understood in terms of two different effects pro-
duced by centrifugal support: a modification of the stability cri-
terion and that rotating stars follow evolution that resembles that
of lower mass stars. The variation in the stability criterion can be
described by considering a hydrostatic solution of Eq. (1),(
∂P0
∂mΦ
)
t
= − GmΦ
4pir4
Φ,0
fP,0, (2)
and performing a Lagrangian perturbation on rΦ,0,
rΦ = rΦ,0 + ∆rΦ, ∆rΦ = αrΦ,0. (3)
In terms of the small parameter |α|  1 the corresponding La-
grangian perturbations for density and pressure are given by
∆ρ = −3αρ0, ∆P = ∆ρ
ρ
Γ1P0 = −3αΓ1P0, (4)
where Γ1 ≡ (d log P/d log ρ)ad is the first adiabatic index of the
fluid. As a star contracts or expands its rotation changes, leading
to a variation in the fP correction. From Paxton et al. (2019) we
have that fP can be approximated as
fP = 1 − 23ω
2 + O(ω4), ω ≡ Ω√
GMΦ/r3e
, (5)
where Ω is the rotational frequency of a shell and re is its equa-
torial radius. The perturbation in fP,0 can then be described in
terms of the perturbation on ω,
∆ fP
fP,0
=
(
−4
3
ω0 + O(ω30)
)
∆ω. (6)
To compute ∆ω we consider that the perturbation preserves the
specific angular momentum jrot of each shell. In this case, we
have that (Paxton et al. 2019)
jrot√
GmΦrΦ
=
2
3
ω + O(ω3)→ ∆ω = −α
2
ω0 + O(ω30). (7)
Combining Eqs. (1-7) the acceleration after the perturbation
is
1
4pir2
Φ
(
∂rΦ
∂t
)
mΦ
= α
GmΦ
4pir4
Φ,0
fP,0
(
4 − 3Γ1 − 23ω
2
0 + O(ω4)
)
. (8)
One can now derive a sufficient condition for instability by con-
sidering whether or not a contraction of the star, given by α < 0,
leads to runaway collapse. From Eq. (8) we obtain that in order
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Fig. 1. Instability region from pair-creation for different values of the ra-
tio ω = Ω/
√
GMΦ/r3e , computed for material composed of 90% oxygen
and 10% carbon by mass. For reference, the profile of three non-rotating
stripped star models at the onset of PPISNe/PISNe from Marchant et al.
(2019) are included, with the masses given corresponding to the mass
at the onset of instability.
for the fluid to respond to contraction with an inwards accelera-
tion we require that
Γ1 <
4
3
− 2
9
ω2 + O(ω4), (9)
which resembles the standard instability criterion Γ1 < 4/3 for a
non-rotating self-gravitating body. As a real star does not have a
constant Γ1 or ω, Eq. (9) can be true or false in different regions
of the star, and whether or not this drives a global instability can
be assessed by integrating the difference between the left and
right hand sides of the equation through the star (Stothers 1999).
Fig. 1 shows in the ρ−T plane the instability region given by
Eq. (9) for different values of ω. Three profiles of non-rotating
stellar models at the onset of a PPISN/PISN from Marchant
et al. (2019) are included, with the 50M model undergoing a
PPISN and the 61M and 72M models resulting in full disrup-
tion through a PISN. For ω = 0.4, all three models fall outside
of the instability region.
The second effect that can stabilize a rotating star is that its
evolution resembles that of a lower mass star. This can be un-
derstood in terms of an order of magnitude analysis of Eq. (1),
where if we assume that there is a characteristic value for fP
throughout the star we can estimate the central pressure as
Pc
M
∼ GM
4piR4
fP, (10)
where R and M are the radius and mass of the star. Using Eq.
(5), taking ρc ∝ M/R3 and assuming a gas strongly dominated
by radiation pressure such that P ∝ T 4, we find that
T 3c
ρc
∝ M1/2(1 − 2ω2/3)3/4. (11)
What this implies is that more massive stars follow an evolution
in the ρc − Tc plane at higher Tc for a given ρc, thus approaching
the region where Γ1 < 4/3. Rotation lowers the value of the
central temperature at a fixed central density, causing the star to
evolve further away from the instability region.
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3. Methods
We perform our numerical simulations using version 13311 of
the MESA code for stellar structure and evolution (Paxton et al.
2011, 2013, 2015, 2018, 2019), with the setup described in
Marchant et al. (2019). A detailed description of our simulation
setup is provided in Appendix A.
As initial conditions we use pure helium stars, which are rep-
resentative of binary BH progenitors formed through the isolated
evolution of close binaries. To maximize the angular momentum
content of our models at the onset of PPISNe/PISNe, we con-
sider helium stars at a metallicity of Z/50 with Z = 0.0142
(Asplund et al. 2009). One important process we take into ac-
count is the Spruit-Tayler (ST) dynamo for angular momentum
transport (Spruit 1999, 2002). The inclusion of the ST dynamo
in stripped stars leads to near solid body rotation and efficient
loss of angular momentum from winds. In particular, Qin et al.
(2019) showed that binary models without the ST dynamo can
reproduce the near critical spins of BHs observed in high-mass
X-ray binaries, while models that include it result in BHs with
near zero spin. The physical nature of the ST dynamo is cur-
rently a topic of active discussion (cf. Denissenkov & Pinson-
neault 2007; Zahn et al. 2007; Fuller et al. 2019), so we consider
models with and without this mechanism.
Intial rotation rates are set in our simulations as solid body
rotation at the beginning of core helium burning. The angular
frequency is taken to be 90% of its critical value at the surface
Ωcrit which is given by (Langer 1997)
Ωc =
√
GM(Γ − 1)
R3e
, (12)
where Re is the equatorial radius of the star and the Eddington
factor Γ is defined as
Γ ≡ κL
4picGM
. (13)
For comparison, we also compute non-rotating models. The ini-
tial masses in our simulations are chosen to cover the range of
masses at which PPISNe occur, while resolving the boundaries
between non-pulsating and pulsating models and between pul-
sating and fully disrupted models. We model evolution until ei-
ther the star is completely disrupted in a PISN, or an iron-core is
formed and collapses. Tables summarizing each individual sim-
ulation we performed are included in Appendix B.
4. Results
The properties of our models at the onset of pair-instability are
illustrated in Fig. 2, indicating as well the outcome of the simula-
tions in terms of the occurrence of PPISNe or PISNe. We define
the specific angular momentum j as the total angular momen-
tum of the star divided by its mass. As expected, models that
do not include the ST dynamo retain more angular momentum.
We find that all our models with the ST dynamo evolve towards
critical rotation at their surface (Ω/Ωc = 1) during the contrac-
tion phase between core helium depletion and core carbon igni-
tion. To prevent models from evolving above critical rotation we
consider enhanced wind mass loss as described in Paxton et al.
(2015), such that the star removes sufficient angular momentum
to remain below critical. This results in enhanced mass-loss at
this late stage (Aguilera-Dena et al. 2018). As the models with
the ST dynamo evolve as solid body rotators even at these late
phases, these simulations represent an upper limit on the angular
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Fig. 2. Specific angular momentum j and masses at the onset of
PPISNe/PISNe for all of our simulations. For models that do not un-
dergo pair-instability values correspond to the moment of iron-core col-
lapse. Gray lines correspond to constant values of the spin parameter
a = jc/MG.
momentum content at the onset of pair-instability if such stars
have strong angular momentum coupling.
Our non-rotating models can be used as a baseline to assess
the impact of rotation. Without rotation we find that PPISNe oc-
cur for masses between 36.7M − 62.6M, with models below
this range evolving hydrostatically until iron-core collapse and
models above being disrupted in a PISN. Rotating models with
the ST dynamo shift this range upwards to 37.7M − 64.7M,
while the range is between 43.2M − 76.5M when the ST dy-
namo is not included. Thus, between our non-rotating and rotat-
ing simulations we find a ∼ 20% shift in the mass range for the
onset of PPISNe.
Fig. 3 summarizes the masses and angular momentum of our
models at the point of iron-core collapse. Of particular interest is
the reduction of the spin parameter a = jc/MG at core-collapse
compared to that at the onset of PPISNe. For example, in our
simulations with the ST dynamo the most massive model at core-
collapse has 47.4M and a spin of 0.17, while at the onset of the
PPISN it had 56.1M and a spin of 0.84. This large reduction in
spin is caused not only by mass loss but is also due to angular
momentum transport between a compact core and an extended
envelope. As shown by Marchant et al. (2019), heat injected by
the thermonuclear pulses leads to a quiescent phase lasting up to
ten thousand years where the outer layers of the star can expand
beyond 100R. Our rotating simulations with the ST dynamo
transport angular momentum efficiently to these extended layers
which are ejected in later pulses. In contrast, simulations with-
out the ST dynamo do not undergo efficient angular momentum
transport during this phase; the model with the highest mass at
core-collapse has 57.7M and a spin of 1.39, and corresponds to
a pre-PPISN star of 63.7M with a spin of 1.57.
Many of our simulations at core-collapse have spin parame-
ters in excess of unity, such that assuming direct collapse to a BH
is not an adequate model. Instead, we use the model of Batta &
Ramirez-Ruiz (2019) by assuming that the innermost 3M of the
star collapses to a BH with a maximum spin parameter of unity.
The remainder of the star falls directly into the BH or is accreted
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Fig. 3. Same as Fig. 2 but for the properties at the onset of iron-core col-
lapse. MCC corresponds to the baryonic mass of the star at core-collapse.
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Fig. 4. Final gravitational BH masses and spins predicted from the prop-
erties of our simulations at iron core-collapse combined with the model
of Batta & Ramirez-Ruiz (2019) for BH formation.
through a disk, releasing energy and angular momentum in such
a way that the resulting BH has a ≤ 1. In determining the final
gravitational mass of the BH we ignore energy losses from neu-
trino emission. This is justified since even if the star undergoes
collapse to a BH via an intermediate proto-neutron star phase,
this would only reduce by ∼ 10% the gravitational mass of the
collapsing iron-core which is itself just ∼ 10% of the total mass
of the star (cf. appendix A.2 of Zevin et al. 2020).
The resulting gravitational mass of the BHs formed, together
with their spins, are shown in Fig. 4. For non-rotating models the
lower edge of the PISNe mass-gap is at 45.5M, while for rotat-
ing models with and without the inclusion of the ST dynamo
the maximum masses we obtain are 47.4M and 52.4M respec-
tively. This represents an upwards shift in the mass at the edge
of the gap of ∼ 4% and ∼ 15% for the cases with and without
the ST dynamo.
5. Discussion
In order to study how rotation impacts the lower edge of the BH
mass gap predicted from PISNe, we have performed simulations
of PPISNe and PISNe from rapidly rotating helium star progen-
itors by using a 1D approximation for hydrodynamics. We find
that the final outcome of our simulations depends on the strength
of angular momentum transport. Compared to non-rotating mod-
els, rotating simulations that include strong coupling via the ST
dynamo produce a small increase (∼ 4%) on the mass range at
which PPISNe occur, as well as on the final masses of the BHs
produced. The effect is larger in simulations without the ST dy-
namo, with an increase of ∼ 15% in the mass range for PPISNe
and its resulting BH masses. This points to the lower edge of the
PISNe mass gap increasing in mass at higher BH spins (a & 0.8),
as shown in Fig. 4. Assessing this prediction with observations of
merging binary BHs presents important complications. In most
cases only the effective spin χeff rather than the individual BH
spins can be measured to any accuracy, and there is a significant
degeneracy with respect to the mass ratio of the system (Hannam
et al. 2013). Additionaly, BHs produced in binary BH mergers
can also produce a population of high-spin and high mass BHs
in the upper mass gap (Gerosa & Berti 2017).
Despite these uncertainties one particular object of inter-
est in the first catalogue of gravitational wave transients is
GW170729 (Abbott et al. 2018b), for which the effective spin
was reported to be χeff = 0.37+0.21−0.25 with a mass of the pri-
mary BH of 50.2+16.2−10.2M. Although the mass of the primary
BH in GW170729 is consistent with the edge of the mass gap
as predicted by non-rotating models, most of the 90% credible
interval falls within the gap, which has motivated discussions
on GW170729 being a second generation BH merger (Kimball
et al. 2020). Analyzing the posterior distributions provided by
the LIGO-Virgo collaboration we find that the individual spin of
this black hole is a = 0.69+0.27−0.55 (see appendix C), making it a
potential candidate for a BH formed through a rapidly rotating
star that underwent PPISN. Even with imperfect measurements,
a large number of detections can be used to derive the intrin-
sic properties of the population (Mandel et al. 2019), which will
provide stronger evidence than inferences based on individual
objects.
One additional aspect that we have not considered here is the
relevance of our simulations in the context of long gamma-ray
bursts (LGRBs) progenitors. The standard model for LGRBs in-
vokes a so-called collapsar, where the collapse of a star with a
sufficiently high angular momentum can lead to the formation of
a massive disk around a newly formed BH (Woosley 1993; Mac-
Fadyen & Woosley 1999). The stellar origin of LGRBs is sup-
ported by the observation of associated SNe (cf. Galama et al.
1998), with the lack of hydrogen and helium in the spectra of
these SNe pointing to stripped stars as the progenitors (cf. Cam-
pana et al. 2006).
From our simulations of rotating stripped stars we can study
whether the occurrence of pulsational mass loss prior to col-
lapse can have an impact on a potential LGRB or its associ-
ated SNe. As shown by Marchant et al. (2019) strong pulses
are expected to deposit energy throughout the layers of the star
that remain bound, leading to an expansion of the star by or-
ders of magnitude prior to iron-core collapse. This is illustrated
in Fig. 5, where we plot the radius at core-collapse of our mod-
els computed without the ST-dynamo versus the mass coordinate
measured inwards from the surface. Models that do not pulsate
have radii . 1R, while pulsating models cover a large range
of radii going well beyond 10R. If all these collapsing models
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Fig. 5. Radii as a function of outer mass coordinate for all our simu-
lations without the ST dynamo at the point of iron-core collapse. The
total mass M is defined as the innermost mass coordinate for which the
velocity is below the local escape velocity vesc =
√
2Gm/r.
resulted in LGRBs, the large variety of free-fall timescales for
these extended envelopes can potentially translate to different
LGRB durations, reaching into the regime of ultra-long GRBs
(e.g., Levan et al. 2014). The free-fall timescales of the progen-
itors with radii above 10R exceeds 104 sec and corresponds to
those observed for ultra-long GRBs (∼ 104 sec). Many progeni-
tors here have free-fall timescales exceeding 105 sec, which are
well beyond the duration of ultra-long GRBs, but the accretion
could be suppressed at some moment due to, e.g., accompany-
ing SNe. There also exists a candidate GRB with a duration of
the order of 107 sec (Quataert & Kasen 2012) and it matches the
free-fall timescales of the most extended progenitors (∼ 103R)
produced by PPISNe. In the accompanying paper (Moriya et al.
2020), we investigate the explosion properties of one extended
GRB progenitor presented here and show that it can also ex-
plain the peculiar SN component associated with the ultra-long
GRB 111209A (Greiner et al. 2015).
As already mentioned the objective of this study is to provide
a first analysis of the impact of rotation on the hydrodynamic
evolution of stars undergoing PPISNe, but an important caveat
needs to be pointed out. The use of 1D simulations is dependent
on the shellular approximation, but during rapid hydrodynami-
cal phases horizontal turbulence, which is the process believed
to produce near-shellular rotation in radiative layers of a rotat-
ing star (Chaboyer & Zahn 1992), cannot operate fast enough.
This implies that our simulations can be used to determine the
masses for which PPISNe/PISNe occurr, but there is still an im-
portant quantitative uncertainty on final BH masses produced by
these thermonuclear events. Nevertheless, our results can serve
to study the growing sample of gravitational wave sources with
non-negligible spins, while motivating multi-D calculations of
PPISNe/PISNe.
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Appendix A: Details of MESA simulations
In this appendix we briefly summarize the physical assumptions
and ingredients used in our simulations. MESA uses an equa-
tion of state that is constructed from a patchwork of results
that have different ranges of validity, including OPAL (Rogers
& Nayfonov 2002), SCVH (Saumon et al. 1995), PC (Potekhin
& Chabrier 2010) and HELM (Timmes & Swesty 2000). Opac-
ities are computed using tables from the OPAL project (Igle-
sias & Rogers 1996), with metal abundances corresponding to
scaled solar values as measured by Asplund et al. (2009). At low
temperatures we rely on the opacity tables of Ferguson et al.
(2005)1. Nuclear reaction rates are taken from Angulo et al.
(1999) and Caughlan & Fowler (1988) with a preference for the
former when available. During PPISNe/PISNe we make use of
the nuclear network approx_21_plus_co56.net, which is the
same 21 isotope network described in Marchant et al. (2019)
with the inclusion of 56Co to better account for the radioactive
decay of 56Ni. Mass loss rates are computed as a combination of
the prescriptions of Vink et al. (2001), Hamann et al. (1995) and
Nieuwenhuijzen & de Jager (1990), as described in Marchant
et al. (2019). We model convection using mixing-length theory
(Böhm-Vitense 1958; Cox & Giuli 1968) and a mixing length
parameter αMLT = 2 with exponential overshooting at convective
boundaries (Herwig 2000) defined by parameters f = 0.01 and
f0 = 0.005. Semiconvective mixing is modelled as as in Langer
et al. (1983) with an efficiency parameter αsc = 1.
Hydrodynamical evolution is computed using the HLLC
Riemann solver developed by Toro et al. (1994), with gravity be-
ing scaled by the fP parameter as described in Eq. 1. The value of
fP is computed following Paxton et al. (2019). In addition to the
ST dynamo, we include angular momentum transport in our sim-
ulations from Eddington-Sweet circulations, the GSF instability
and both secular and dynamical shear following the method of
Heger et al. (2000). As there can be long periods of quiescence
between events of pulsational mass loss and iron-core collapse,
if a star restores hydrostatic equilibrium after a pulse we remove
the ejected material from our simulation grid by following the
method described in Paxton et al. (2018) and Marchant et al.
(2019).
All necessary input files to reproduce our simulations, as
well as machine readable tables with our results, are available for
download at https://doi.org/10.5281/zenodo.3940339.
Appendix B: Tabulated results
The results of our simulations are summarized in Tables B.1 , B.2
and B.3 for our models that are non-rotating, rotating with the ST
dynamo, and rotating without the ST dynamo respectively. The
properties listed are
– Mi: Initial mass of the helium star.
– MHe dep: Mass of the star at core-helium depletion.
– MCO, He dep: Mass of the carbon-oxygen core of the star at
core helium depletion, defined as the innermost mass bound-
ary where the mass fraction of helium is below 1%.
– Mpre PPISN/PISN: Mass at the onset of the PPISN/PISN.
– Mejecta: Mass ejected through pulsations. For models under-
going a PISN this is equal to Mpre PPISN/PISN.
1 Note that these low temperature tables are for hydrogen rich material
which does not correspond to the case in our simulations. These low
temperature are reached on the outermost layers of our models that ex-
pand to large radii (R > 103R), but do not affect the conclusion that
these stars would expand to such a large size after pulsations.
0.0 0.2 0.4 0.6 0.8 1.0
Primary BH spin
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Fig. C.1. Posterior distribution for the spin of the more massive BH
in GW170729 using different waveform models, compared to the flat
prior distribution used. The "Combined posterior" is obtained by using
an equal number of random samples from each of the other two.
– MCC: Baryonic mass of the star at iron-core collapse. Note
that MCC , Mpre PPISN/PISN +Mejecta as wind mass loss during
quiescent periods between pulsations and iron-core collapse
can contribute.
– # of pulses: Number of mass ejections produced by a
PPISN/PISN.
– Duration: Time between the onset of the PPISN until iron-
core collapse
– max KE: Maximum kinetic energy of ejected material
achieved in an individual pulse.
– ai, aHe dep, apre PPISN/PISN and aCC: Spin parameter a =
jc/MG for the layers of the star that are below the escape
velocity at different phases.
– MBH, aBH: Final gravitational mass and spin of the BH.
Appendix C: Spin posterior of the primary BH of
GW170729
Although the first catalogue of gravitational wave transients (Ab-
bott et al. 2018b) does not provide confidence intervals for in-
dividual BH spins, the posterior samples they computed are
openly available and can be used to obtain this information2.
These posteriors are computed using two waveform models, IM-
RPhenonPv2 (Hannam et al. 2014) and SEOBNRv3 (Bohé et al.
2017), as well as a set that combines an equal number of sam-
ples from both waveform models. Fig. C.1 shows the posterior
distributions compared to the prior used for parameter estima-
tion, which corresponds to a flat distribution in spin between
0 ≤ a ≤ 0.99. From the combined distribution we find a me-
dian value with a 90% confidence interval of a = 0.69+0.27−0.55.
2 https://doi.org/10.7935/KSX7-QQ51
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Table B.1. Summary of results for non-rotating models.
Mi MHe dep MCO, He dep Mpre PPISN/PISN Mejecta MCC # of pulses Duration max KE
(M) (M) (M) (M) (M) (M) (yr) 1051[erg]
36.00 34.03 29.80 - - 34.00 0 - -
36.50 34.48 30.26 - - 34.45 0 - -
37.00 34.93 30.59 - - 34.90 0 - -
37.50 35.39 31.09 - - 35.35 0 - -
38.00 35.83 31.43 - - 35.80 0 - -
38.50 36.29 31.89 - - 36.25 0 - -
39.00 36.73 32.24 36.70 1.072 × 10−5 36.70 1 1.422 × 10−4 1.364 × 10−6
40.00 37.64 33.13 37.60 0.014 37 37.59 1 3.752 × 10−4 6.198 × 10−4
45.00 42.11 37.23 42.07 1.794 40.27 5 1.300 × 10−2 9.647 × 10−2
50.00 46.54 41.32 46.49 1.851 44.64 5 8.758 × 10−2 4.489 × 10−2
53.00 49.19 43.72 49.13 4.143 44.99 9 1.391 1.121 × 10−1
54.50 50.51 44.90 50.45 4.823 45.62 6 5.504 1.467 × 10−1
55.50 51.38 45.72 51.32 6.011 45.31 5 2.402 × 101 2.023 × 10−1
56.00 51.82 46.00 51.76 6.481 45.28 5 7.042 × 101 2.438 × 10−1
56.50 52.26 46.51 52.20 6.712 45.48 5 1.044 × 102 2.596 × 10−1
57.00 52.70 46.92 52.63 7.105 45.52 4 2.322 × 102 3.059 × 10−1
57.50 53.13 47.27 53.07 8.303 44.75 4 5.829 × 102 3.767 × 10−1
58.00 53.57 47.64 53.50 9.040 44.44 4 8.909 × 102 4.293 × 10−1
58.50 54.01 48.09 53.94 9.495 44.41 4 1.229 × 103 4.789 × 10−1
60.00 55.31 49.29 55.25 11.33 43.85 4 2.278 × 103 6.638 × 10−1
62.50 57.49 51.30 57.42 14.64 42.67 3 3.913 × 103 1.102
65.50 60.09 53.67 60.01 23.08 36.80 4 5.902 × 103 2.096
66.50 60.95 54.47 60.87 26.47 34.29 5 6.523 × 103 2.535
67.00 61.38 54.76 61.30 29.85 31.35 8 6.873 × 103 2.786
68.00 62.24 55.64 62.16 36.95 25.17 2 8.225 × 103 3.374
68.50 62.68 55.95 62.59 45.58 16.99 1 1.036 × 104 3.655
69.00 63.11 56.44 63.02 63.02 - 1 - 3.890
69.50 63.54 56.80 63.45 63.45 - 1 - 4.197
70.00 63.97 57.17 63.88 63.88 - 1 - 4.519
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